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To compare the diagnostic performance of myocardial
computed tomographic (CT) perfusion imaging and single
photon emission computed tomography (SPECT) perfu-
sion imaging in the diagnosis of anatomically significant
coronary artery disease (CAD) as depicted at invasive
coronary angiography.

This study was approved by the institutional review board.
Written informed consent was obtained from all patients.
Sixteen centers enrolled 381 patients from November
2009 to July 2011. Patients underwent rest and adenosine
stress CT perfusion imaging and rest and either exercise
or pharmacologic stress SPECT before and within 60 days
of coronary angiography. Images from CT perfusion imag-
ing, SPECT, and coronary angiography were interpreted
at blinded, independent core laboratories. The primary
diagnostic parameter was the area under the receiver
operating characteristic curve (A,). Sensitivity and spec-
ificity were calculated with use of prespecified cutoffs.
The reference standard was a stenosis of at least 50%
at coronary angiography as determined with quantitative
methods.

CAD was diagnosed in 229 of the 381 patients (60%). The
per-patient sensitivity and specificity for the diagnosis of
CAD (stenosis =50%) were 88% (202 of 229 patients)
and 535% (83 of 152 patients), respectively, for CT perfu-
sion imaging and 62% (143 of 229 patients) and 67% (102
of 152 patients) for SPECT, with A_ values of 0.78 (95%
confidence interval: 0.74, 0.82) and 0.69 (95% confidence
interval: 0.64, 0.74) (P = .001). The sensitivity of CT per-
fusion imaging for single- and multivessel CAD was higher
than that of SPECT, with sensitivities for left main, three-
vessel, two-vessel, and one-vessel disease of 92%, 92%,
89%, and 83%, respectively, for CT perfusion imaging and
75%, 79%, 68%, and 41%, respectively, for SPECT.

The overall performance of myocardial CT perfusion imag-
ing in the diagnosis of anatomic CAD (stenosis =50%), as
demonstrated with the A_, was higher than that of SPECT
and was driven in part by the higher sensitivity for left
main and multivessel disease.

©RSNA, 2014
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oronary computed tomographic

(CT) angiography is capable of

depicting coronary artery disease
(CAD) from its early to later stages
and can help define percentage diam-
eter stenosis, coronary atherosclerotic
plaque characteristics, and burden in
a noninvasive manner. However, when
there is a need to evaluate the hemo-
dynamic significance of CAD, physio-
logic tests such as electrocardiographic
stress testing, radionuclide perfusion
imaging, and stress echocardiography
have been the most commonly used
noninvasive diagnostic strategies.

Advances in Knowledge

B Myocardial CT perfusion imaging
demonstrates higher overall diag-
nostic performance compared
with SPECT myocardial perfusion
imaging for the detection of ana-
tomic stenosis (defined as =50%
diameter stenosis at quantitative
coronary angiography), with area
under the receiver operating
characteristic curve of 0.78 (95%
confidence interval: 0.74, 0.82)
for CT perfusion imaging and
0.69 (95% confidence interval:
0.64, 0.74) for SPECT (P =
.001).

B In the detection of stenosis of at
least 50% with use of prespeci-
fied cutoffs for both SPECT and
CT perfusion imaging, the sensi-
tivity of CT perfusion imaging is
higher than that of SPECT (88%
vs 62%, P < .001); the specificity
of CT perfusion imaging is lower
than that of SPECT (55% vs
67%, P = .02).

B The higher sensitivity of CT per-
fusion imaging is driven by a
higher sensitivity for single- and
multivessel coronary artery
disease (CAD) compared with
SPECT, with sensitivities for left
main, three-vessel, two-vessel,
and one-vessel disease of 92%,
92%, 89%, and 83%, respec-
tively, for CT perfusion imaging
and 75%, 79%, 68%, and 41%,
respectively, for SPECT.

More recently, technical advances in
cardiac CT have made feasible the de-
velopment of myocardial CT perfusion
imaging. Single-center studies have es-
tablished that myocardial CT perfusion
imaging can help accurately diagnose
CAD compared with various reference
standards including single photon emis-
sion computed tomography (SPECT),
invasive coronary angiography, magnetic
resonance (MR) imaging, and fractional
flow reserve (1-4). Recently, the com-
bination of coronary CT angiography
and myocardial CT perfusion imaging
was validated in the multicenter diag-
nostic accuracy study Combined Coro-
nary Atherosclerosis and Myocardial
Perfusion Evaluation Using 320-Detec-
tor Row CT (CORE320) by using a hy-
brid anatomic and physiologic reference
standard (5). This prospective multicen-
ter study also provides the opportunity
to independently validate the diagnostic
performance of CT perfusion imaging
and SPECT in the diagnosis of anatomic
CAD.

Clinical validation of noninvasive
tests for the diagnosis of CAD most often
begins with a comparison with the inva-
sive standard of reference used to define
CAD, namely invasive coronary angiogra-
phy (6-8), by using quantitative coronary
angiography analysis and stenosis of at
least 50% as the definition of abnormal.
The 50% threshold has been selected as a
result of studies demonstrating decreases
in hyperemic myocardial blood flow as
a stenosis reaches the 50% threshold
(9,10), and this quantitative threshold
correlates well with a visually determined
stenosis of 70% severity (11).

In this prespecified, secondary
analysis of the CORE320 study, the pri-
mary aim was to compare the diagnostic

Implications for Patient Care

B This study demonstrates that CT
perfusion imaging is a viable al-
ternative to SPECT myocardial
perfusion imaging for the detec-
tion of CAD.

B CT perfusion imaging maintains
sensitivity for detecting coronary
disease in patients with left main
and multivessel disease.

performance of CT perfusion imaging
and SPECT perfusion imaging in the
diagnosis of anatomic CAD (=50% ste-
nosis) as depicted at invasive coronary
angiography.

Materials and Methods

Patient Population

The CORE320 study is a prospective,
multicenter, international, diagnostic
accuracy study that was performed at
16 centers in eight countries (www.
clinicaltrials.gov, NCT00934037). The
CORE320 study design (12,13) and pri-
mary results (5) have been previously
described. The study’s sponsor, Toshiba
Medical Systems, was not involved in
any stage of the study design, data ac-
quisition, data analysis, or manuscript
preparation. The study’s investigators
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A= area under the receiver operating characteristic curve

CAD = coronary artery disease
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In brief, the study included men and
women aged 45-835 years with a clinical
referral for invasive coronary angiogra-
phy. Subjects were enrolled from No-
vember 2009 to July 2011. The protocol
was approved by local and central insti-
tutional review boards, and all patients
provided informed consent before par-
ticipation. Exclusion criteria included
the following: allergy to iodinated con-
trast material, serum creatinine level
greater than 1.5 mg/dL or calculated
creatinine clearance of less than 60 mL/
min, atrial fibrillation, second- or third-
degree atrioventricular block, previous
cardiac surgery, recent coronary inter-
vention, evidence of an acute coronary
syndrome with a thrombolysis in myo-
cardial infarction score of at least 5 or
elevated cardiac enzymes in the past 72
hours, and a body mass index greater
than 40 kg/m2. A complete list of the
exclusion criteria is given in references
13 and 14.

All  subjects underwent resting
coronary CT angiography, an adenosine
stress myocardial CT perfusion study,
and either an exercise or pharmaco-
logic SPECT myocardial perfusion im-
aging study within 60 days of coronary
angiography.

Rest CT Angiography and Adenosine
Stress Myocardial CT Perfusion Imaging
and Analysis

The methods used for rest CT angi-
ography, CT perfusion imaging, and
adenosine stress myocardial CT per-
fusion imaging have been previously
described (12). All imaging was per-
formed with a 320-detector row CT
unit (Aquilion One; Toshiba Medical
Systems, Otawara, Japan), and all
sites underwent site qualification (13).
In brief, patient preparation included
75-150 mg of oral metoprolol and in-
travenous metoprolol if the baseline
heart rate was more than 60 beats per
minute. With use of prospective elec-
trocardiographic triggering, 0.4 mg
of a fast-acting sublingual nitrate was

administered and rest CT perfusion
imaging performed with 50-70 mL of
iodinated contrast material (iopamidol,
370 mg of iodine per milliliter). Twenty
minutes later, adenosine (0.14 mg/kg/
min) was infused and stress CT perfu-
sion imaging was performed with 50-70
mL of iopamidol and prospective elec-
trocardiographic triggering (12).
Coronary CT angiograms and myo-
cardial CT perfusion images were re-
constructed and transferred to two sep-
arate, independent, and blinded core
laboratories (12). For the purposes of
this secondary analysis, CT angiography
data were not included. It is important
to emphasize that the CT perfusion
core laboratory (Johns Hopkins Univer-
sity) was blinded to the CT angiography
data by reconstructing images with a
myocardial CT perfusion kernel, setting
the workstation to a window width of
300 HU and window level of 150 HU
and locking the workstation at a section
thickness of at least 3 mm. By doing
so, the CT angiogram is not interpret-
able for percentage stenosis. CT perfu-
sion images were visually interpreted
by two independent and experienced
observers (R.T.G. and V.C.M., with 7
years and 1 year of experience in CT),
with differences resolved by consen-
sus. With use of a previously described
13-segment myocardial model (12,14),
rest and stress myocardial segments
were scored as follows: 0 = normal, 1 =
mild, 2 = moderate, and 3 = severe per-
fusion defect. A summed stress score
(SSS) was calculated as the sum of all
segmental scores. A 13-segment myo-
cardial model was selected to simplify
the registration of coronary anatomy
and myocardial segments and to reduce
variability between the modalities.

SPECT Myocardial Perfusion Imaging
Acquisition and Analysis

All SPECT cameras underwent a quali-
fication process that was monitored by
the SPECT core laboratory. The proce-
dures of the independent SPECT core
laboratory have been previously de-
scribed (12-14). SPECT was performed
by using technetium 99m-labeled imag-
ing agents, with approximately 300 MBq
used for rest studies and 925 MBq used

for stress studies. Studies were per-
formed without attenuation correction
available. Exercise or pharmacologic
stress testing was performed with use of
standardized protocols (15). SPECT im-
ages were transferred to an independent
core laboratory at Brigham and Wom-
en’s Hospital and interpreted visually
by two independent and experienced
observers (M.D.C., with 23 years of ex-
perience, and a nonauthor with 13 years
of experience; both readers were board
certified in nuclear medicine or nuclear
cardiology), with differences resolved
by consensus between the two readers
using parallel methods to those used by
the CT perfusion core laboratory. The
SSS was calculated as described earlier.
In the analysis, artifacts did not contrib-
ute to the SSS; therefore, an SSS of at
least 1 was indicative of an abnormal

SPECT study.

Coronary Angiography Acquisition and
Analysis

Coronary angiography was performed
before and within 60 days of CT and
SPECT in a CORE320-qualified labo-
ratory. Images were transferred to the
independent coronary angiography core
laboratory at Johns Hopkins University.
The coronary artery tree was segmented
by using standard software (CAAS; PIE
Medical Imaging, Maastricht, the Neth-
erlands), and all coronary segments of
at least 2 mm were analyzed for percent-
age diameter stenosis by using quanti-
tative coronary angiography methods as
previously described (16).

Statistical Analysis

All data were analyzed in the statistical
core laboratory at the Bloomberg School
of Public Health. In the primary analysis,
we estimated the diagnostic perfor-
mance of CT perfusion and SPECT
myocardial perfusion imaging in the di-
agnosis of a stenosis of at least 50% at
quantitative coronary angiography on a
per-patient and per-vessel basis.

The primary analysis was based on
the area under the receiver operating
characteristic (A)) (empirical
form). For the standard of reference,
each patient or vessel was classified as
having normal findings or CAD, which

curve
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was defined as a stenosis of at least 50%
at quantitative coronary angiography.
The receiver operating characteristic
curve was based on a logistic regression
analysis, with CT perfusion imaging
or SPECT as the predictor variables.
Sensitivity, specificity, and predictive
values were calculated for SPECT and
CT perfusion imaging by using a pre-
specified SSS threshold of at least 1 for
SPECT and at least 2 for CT perfusion
imaging. Secondary per-vessel analyses
were adjusted for the effects of within-
patient clustering by using the boot-
strap method with resampling at the
patient level. Posthoc analyses included
the use of a stenosis of at least 70% at
quantitative coronary angiography and
a subgroup analysis of only the subjects
who underwent pharmacologic stress
SPECT myocardial perfusion imaging.
All data are reported with 95% con-
fidence intervals (Cls). P values were cal-
culated with the bootstrap method for A_
values and with the generalized estimat-
ing equation for point statistics. P < .03
was indicative of a significant difference.
A_ analysis was performed with soft-
ware (STATA 11, with use of the roctab
and roccomp commands, as well as the
bootstrap method, for the all-vessel com-
parison and Cls); graphics were created
in S-plus 8.0, and descriptive statistics
and the point statistics (and comparisons
thereof) were performed in SAS 9.1.

A total of 436 eligible patients were en-
rolled in the study from November 2009
to July 2011; 55 subjects were excluded
because all imaging procedures were not
completed (n = 29), technical failure of
SPECT (n = 12), technical failure of or
incomplete imaging with CT (n = 13),
or technical failure of coronary angiog-
raphy (n = 1) (5). Of the 381 subjects
with complete imaging data sets included
in this analysis, 257 underwent phar-
macologic SPECT and 124 underwent
exercise SPECT (69% [86 of 124 sub-
jects]| reached 85% maximum predicted
heart rate and 83% [103 or 124 sub-
jects] reached 80% maximum predicted
heart rate). Baseline characteristics are
shown in Table 1. The median effective

Gt et onmen |

Baseline Characteristics

Characteristic Value
Age (y)
All patients
Median* 62 (41-82)
Interquartile range 56-68
Men
Median* 63 (41-82)
Interquartile range 56—69
Women
Median* 61 (48-82)
Interquartile range 55-66
Male sex 252 (66)
Ethnicity
Hispanic 32(8)
Non-Hispanic 326 (86)
Other 23 (6)
Race
White 213 (56)
Black 40 (10)
Asian 123 (32)
Other 5(1)
Body mass index (kg/m?)

Median* 27 (16-51)
Interquartile range 24-30
Hypertension 297 (78)
Diabetes 131 (34)
Dyslipidemia 254 (68)
Previous myocardial infarction 103 (27)

Smoking
Current 64 (18)
Past 133(37)
Never 167 (46)
Family history of CAD 162 (45)
Previous percutaneous 113 (30)
coronary intervention
Medications
Angiotensin-converting 146 (38)
enzyme inhibitors/
angiotensin receptor
blockers
[-blocker 173 (45)
Salicylates 172 (45)
Nitrates 47 (12)
Other antihypertensive 64 (17)
medications
Angina in the 30 d before
enrollment (Canadian class)
NA¥ 83 (22)
0 61 (16)
1 110 (30)
2 99 (27)
3 14 (4)
4 4(1)

Table 1 (continues)

Baseline Characteristics

Characteristic Value
Unstable angina in the 30 d 2(1)
before enroliment
Previous stress testing in the
3 mo before enrollment

Electrocardiography only 16 (4)

Echocardiography 8(2
Results of stress testing

Positive 12 (52)

Negative/equivocal 11 (48)
Calcium score$

Median* 162 (0-4401)

Interquartile range 9-530

Mean =+ standard deviation 423 = 668
Rest CT perfusion imaging
Contrast material dose

50 mL 51 (13)

60 mL 310 (81)

70 mL 2(1)

B-blocker (oral)

75 mg 129 (34)

150 mg 190 (50)

None 62 (16)
)

Nitroglycerin during imaging 329 (86,
Heart rate during imaging

Median* 53 (35-121)
Interquartile range 49-59
Radiation exposure (mSv)
Median* 3.16 (2.12—
13.68)
Interquartile range 2.82-3.59
Stress CT perfusion imaging
Contrast material dose
50 mL 52 (14)
60 mL 1(0)
70 mL 308 (81)
Heart rate during imaging
Median* 69 (33-109)
Interquartile range 60-78
Radiation exposure (mSv)
Median* 5.31 (2.36—
8.60)
Interquartile range 3.83-6.02
SPECT
SPECT type
Pharmacologic 257 (67)
Exercise 124 (33)
Clinically driven 157 (41)
Research driven 224 (59)
Radiation exposure (mSv)
Median* 9.75 (1.93-
15.91)
Interquartile range 9.10-12.95

Table 1 (continues)
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Table 1 (continued)

Baseline Characteristics

Characteristic Value
Invasive coronary angiography
Nitroglycerin during 352 (92)
angiography
Contrast material dose (mL)
Median* 100 (25-450)

Interquartile range 75-131
Radiation exposure (mSv)
Median* 11.97 (0.79-
70.98)
Interquartile range 7.60-17.80

Note.—Except where indicated, data are numbers of
patients, with percentages in parentheses.

* Numbers in parentheses are ranges.

T P=.036.

# NA = not applicable.

§ Determined with the Agatston method.

radiation doses for CT perfusion imag-
ing, SPECT, and coronary angiography
were previously reported and are listed
in Table 1 (5).

Diagnostic Performance of Myocardial CT
Perfusion Imaging and SPECT

Per-patient analysis.—In the prespeci-
fied per-patient analysis with use of a
stenosis of at least 50% at coronary
angiography as the standard of refer-
ence, the A for CT perfusion imaging
was 0.78 (95% CI: 0.74, 0.82) when
all patients were included (Fig 1).
Figure 2 demonstrates a representa-
tive case from the study. This was sig-
nificantly higher than that of SPECT,
which had an A_ of 0.69 (95% CI:
0.64, 0.74) (P = .001) (Table 2).
This difference was consistent with
a higher sensitivity for CT perfusion
imaging and a higher specificity for
SPECT. The positive predictive value
(PPV) was similar for both CT perfu-
sion imaging and SPECT, but the nega-
tive predictive value (NPV) was higher
for CT perfusion imaging.

At posthoc subgroup analysis limited
to patients who underwent pharmaco-
logic SPECT (n = 257), the A_ for CT
perfusion imaging (0.78; 95% CI: 0.73,
0.83) was higher than that for SPECT
(0.72; 95% CI: 0.66, 0.78), but with
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09+

e o
N @
P—"

0.6

Sensitivity
o
(4]
1

o
=
|

0.3
0.2+
01/
0.0

\' CTP 888 =
SPECT 85—

00 01 02 03 04 05 065 07 08 0.9 1.0
Specificity
Figure 1:

0.6

Sensitivity
o o o
b

o
(X}
h

CTP SSS—
SPECT SS§——

o o
o o
1 Il

00 01 02 03 04 05 06 0.7 08 09 10
Specificity

Receiver operating characteristic curves for myocardial CT perfusion imaging (CTP) and SPECT

in, A, all patients and, B, only the patients who underwent pharmacologic stress SPECT.

borderline significance (P = .08). Sensi-
tivity (P < .001) and NPV (P = .003) re-
mained higher for CT perfusion imaging;
there was no significant difference be-
tween CT perfusion imaging and SPECT
with regard to specificity and PPV.

At posthoc analysis, we examined
the A, of CT perfusion imaging and
SPECT in the prediction of a stenosis
of at least 70%. The A_for CT perfu-
sion imaging was 0.78 (95% CI: 0.73,
0.82), and the sensitivity, specificity,
PPV, and NPV were 92% (95% CI: 87,
96; 160 of 174 patients), 46% (95%
CI: 39, 33; 96 of 207 patients), 59%
(95% CI: 53, 65; 160 of 271 patients),
and 87% (95% CI: 80, 93; 96 of 110
patients), respectively. These data
were not significantly different from
those of SPECT (P = .36), which had
an A_of 0.75 (95% CI: 0.71, 0.80)
and a sensitivity, specificity, PPV, and
NPV of 72% (95% CI: 65, 78; 125 of
174 patients), 67% (95% CI: 60, 74;
139 of 207 patients), 65% (95% CI:
58, 71; 125 of 193 patients), and 74%
(95% CI: 67, 80; 139 of 188 patients),
respectively. Sensitivity was higher for
CT perfusion imaging (P < .001) and
specificity was higher for SPECT (P <
.001), with no significant difference in
PPV. NPV was higher for CT perfusion
imaging (P = .002).

Per-vessel analysis.—In the per-
vessel analysis, the A_of CT perfusion
imaging (0.74; 95% CI: 0.71, 0.78) was

higher than that of SPECT (0.69; 95%
CI: 0.66, 0.72) for the diagnosis of a ste-
nosis of at least 50% when considering
all vessels (P = .008, Table 3). For in-
dividual vessels, the A_was significantly
higher for the left anterior descending
artery (P = .02), was borderline higher
for the left circumflex artery (P = .03),
and showed no significant difference for
the right coronary artery (P = .43).

In the posthoc analysis using a quan-
titative coronary angiography—-defined
stenosis of at least 70%, there were no
significant differences between the A,
for CT perfusion imaging (0.73; 95% CI:
0.70, 0.77) and SPECT (0.75; 95% CI:
0.71, 0.78) (P = .48) when considering
all vessels as well as individual vessels.

Sensitivity for Left Main, Multivessel, and
Single-Vessel Disease

Left main, three-vessel, two-vessel, and
one-vessel disease was present in 3.1%
(12 of 381 patients), 17.3% (66 of 381
patients), 19.7% (75 of 381 patients),
and 19.9% (76 of 381 patients) of pa-
tients, respectively. The sensitivity of
CT perfusion imaging was higher than
that of SPECT for all disease categories
(Table 4).

This study demonstrated that the A_for
myocardial CT perfusion imaging was
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Figure 2

Stress

Stress

Figure 2:

descending artery (arrow).

higher than that for SPECT myocardial
perfusion imaging in the diagnosis of
an anatomic stenosis of at least 50%
as defined with invasive angiography.
This was consistent with a higher sen-
sitivity for CT perfusion imaging; how-
ever, specificity for SPECT was higher.
Predictive values demonstrated no dif-
ference in PPV; however, the NPV was
higher for CT perfusion imaging. The
increased sensitivity of CT perfusion
imaging appears to be explained in part

Images in 80-year-old man with chest pain. A, Myocardial CT perfusion image at
stress demonstrates subendocardial perfusion defect in anteroapical and apical walls (arrows).
B, Myocardial CT perfusion image at rest shows that defect is reversible. C, SPECT images
demonstrate normal myocardial perfusion with subdiaphragmatic attenuation artifact. D, Im-
age from invasive coronary angiography demonstrates 85% stenosis in proximal left anterior

by its ability to depict varying levels of
disease, including left main and multi-
vessel CAD, better than SPECT.

The diagnostic differences between
CT perfusion imaging and SPECT may
be explained by technical differences in
image resolution and tracer attributes.
Previous studies comparing SPECT to
cardiovascular MR imaging demon-
strated that previous subendocardial
infarction may be missed with SPECT
(17) attributed that difference to limits

in spatial resolution (7). As a result of
the submillimeter spatial resolution of
CT, previous studies have demonstrated
that reductions in subendocardial atten-

uation, relative to subepicardial attenu-
ation, are highly sensitive for the diag-
nosis of myocardial ischemia (1,2,18).
Furthermore, differences in spatial
resolution may also have a role in the
observation that more patients with left
main and multivessel CAD are detected
with CT perfusion imaging. Balanced or
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Table 2

Diagnostic Performance of Myocardial CT Perfusion Imaging: Per-Patient Analysis

All Patients (n = 381)

Pharmacologic Stress Only (n = 257)

Parameter CT Perfusion Imaging SPECT PValue CT Perfusion Imaging SPECT PValue
A, 0.78 (74, 82) 0.69 (64, 74) .001 0.78 (73, 83) 0.72 (66, 78) .08
Sensitivity (%) 88 (83, 92) [202/229] 62 (56, 69) [143/229] <.001 88 (82, 92) [142/162] 67 (59, 74) [109/162] <.001
Specificity (%) 5 (46, 63) [83/152] 67(59, 75) [102/152] .02 54 (43, 64) [51/95] 7 (57, 77) [64/95] .06
PPV (%) 75 (69, 80) [202/271] 74 (67, 80) [142/193] .87 76 (70, 82) [142/186] 78 (70, 84) [109/140] .64
NPV (%) 5 (66, 83) [83/110] 54 (47, 62) [102/188] <.001 72 (60, 82) [51/71] 5 (45, 64) [64/117] .003

Note.—Numbers in parentheses are 95% Cls. Numbers in brackets are raw data.

Table 3

Diagnostic Performance of Myocardial CT Perfusion Imaging: Per-Vessel Analysis

Sensitivity (%)

Specificity (%)

PPV (%)

NPV (%)

Vessel and Modality A,
All vessels (n=1143)
CT perfusion imaging 0.74 (71,78)
SPECT 0.69 (66, 72)
LAD (n= 381)
CT perfusion imaging 0.75 (70, 79)
SPECT 0.68 (63, 73)
LCX (n = 381)
CT perfusion imaging 0.76 (71, 80)
SPECT 0.70 (65, 71)
RCA (n = 381)
CT perfusion imaging 0.73 (68, 78)
SPECT 0.71 (66, 75)

78 (73, 82) [356/459]
54 (48, 60) [249/459]

83(77, 89) [145/174]
47 (40, 55) [82/174]

82 (75, 88) [118/144]
60 (51, 68) [86/144]

66 (58, 74) [93/141]
57 (49, 66) [81/141]

62 (58, 67) [427/684]
81 (77, 84) [551/684]

55 (48, 62) [114/207]
86 (81, 90) [178/207]

56 (49, 62) [132/237]
74 (68, 80) [176/237]

75 (69, 81) [181/240]
82 (77, 87) [197/240]

58 (53, 63) [356/613]
65 (59, 71) [249/382]

61 (54, 67) [145/238]
74 (65, 82) [82/111]

53 (46, 60) [118/223]
59 (50, 67) [86/147]

61 (53, 69) [93/152]
65 (56, 74) [81/124]

81 (76, 85) [427/530]
72 (68, 76) [551/761]

80 (72, 86) [114/143]
66 (60, 72) [178/270]

84 (77, 89) [132/158]
75 (69, 81) [176/234]

79 (73, 84) [181/229]
77 (71, 82) [197/257]

Note.—Numbers in parentheses are 95% Cls. Numbers in brackets are raw data. For differences in A, P=.008 for all vessels, P= .02 for left anterior descending artery, P= .05 for left circumflex

artery, and P = 043 for right coronary artery. LAD =

left anterior descending artery, LCX =

left circumflex artery, RCA = right coronary artery.

Table 4

Sensitivity of CT Perfusion Imaging and SPECT for Left Main, Three-Vessel,

Two-Vessel, and One-Vessel Disease

Disease Type CT Perfusion Imaging SPECT

Left main 92 (62-100) [11/12] 75 (43-95) [9/12]
Three vessel 92 (83-97) [61/66] 79 (67-88) [52/66]
Two vessel 89 (80-95) [67/75] 68 (56-78) [51/75]
One vessel 83 (73-91) [63/76] 41 (30-53) [31/76]

Note.—Data are percentages. Numbers in parentheses are 95% Cls. Numbers in brackets are raw data.

more subtle subendocardial ischemia
may be seen at CT but may not be ap-
preciated at SPECT (19,20).

It is well known that decreases in
myocardial blood flow begin when ves-
sel diameter is reduced by at least 50%
(9,10). However, the ability to detect
small decreases in myocardial blood

flow is dependent on the extraction
fraction of a tracer. Technetium-based
tracers are susceptible to the roll-off
phenomenon, which limits the ability
to differentiate differences in flow at
higher levels owing to its limited extrac-
tion fraction (21). This typically affects
the diagnosis of stenoses of 50%-70%

but is less likely to affect the detection
of stenoses of more than 70%. Con-
versely, iodinated contrast material has
more favorable extraction characteris-
tics, allowing for a linear relationship
between CT-derived metrics and myo-
cardial blood flow (22,23). This may
explain why, in the primary analysis,
the A_ of CT perfusion imaging for the
detection of stenoses of at least 50%
was higher than that of SPECT; how-
ever, this finding lost statistical signifi-
cance at a threshold of at least 70% at
posthoc analysis.

Another source of decreased sen-
sitivity for SPECT may come from the
fact that a large number of patients
were on antianginal drugs such as (3-
blockers (45%) and nitrates (12%).
B-blockers can decrease the size and
severity of perfusion deficits (24), and,
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in general, antianginal drugs reduce is-
chemic burden at SPECT (25). Sharir
et al (25) previously demonstrated that
antianginal drugs reduce myocardial is-
chemia most effectively in the territory
of the left anterior descending and left
circumflex arteries, with no significant
reduction in the territory of the right
coronary artery. Similarly, our study
demonstrated higher sensitivity for
CT perfusion imaging compared with
SPECT in the left anterior descending
and left circumflex territories, but not
in the right coronary artery territory.
These findings, along with the fact
that 84% of our participants received
B-blockers before CT, suggest that CT
perfusion imaging is less susceptible to
the effects of antianginal medications.
This is of great benefit to protocols that
begin with coronary CT angiography
and are followed by CT perfusion imag-
ing, allowing for low heart rates at rest
and resulting in improved image quality
and lower radiation dose.

Despite the rigorous prospective,
multicenter design of CORE320, there
are several limitations of the study
that should be discussed. First, SPECT
studies in CORE320, although obtained
at validated laboratories, did not use
attenuation correction. Attenuation
correction has been shown to improve
specificity, but is not yet in widespread
use (26). Although this is a limita-
tion, our study reflects contemporary
clinical SPECT standards throughout
four continents and eight nations and
highlights the importance of attenua-
tion correction. Second, SPECT and
CT perfusion imaging are functional
tools that measure tissue perfusion,
reflecting the contribution of blood
flow of all vessels, including collateral
vessels, to a given area rather than de-
lineating anatomic stenosis. In the case
of sufficient perfusion due to collateral
circulation, perfusion images may ap-
pear normal in downstream tissue de-
spite an anatomic stenosis of at least
50%, resulting in a perceived decrease
in sensitivity for detecting a stenosis.
These pathophysiologic basics underly-
ing perfusion imaging indicate that the
use of a pure anatomic marker such
as stenosis of at least 50% is a limited

reference standard for assessing the
clinical value of perfusion imaging.
Furthermore, a normal SPECT study is
indicative of good prognosis with re-
spect to major cardiac events (27,28),
which remains to be seen with regard
to CT perfusion imaging. In addition,
there are several limitations with re-
gard to CT perfusion imaging and
analysis in this study. In this study, we
used a snapshot of myocardial perfu-
sion distribution during the upslope to
peak of the contrast material infusion
acquired over one to two heart beats.
This is much different from dynamic
CT perfusion imaging, which provides
serial images of myocardial perfusion
and can quantify myocardial blood flow
in absolute terms (22,23,29). Further-
more, in this study we examined the di-
agnostic performance of CT perfusion
imaging alone in the detection of ana-
tomic stenosis. In clinical practice, CT
perfusion imaging will mostly be used
in conjunction with CT angiography.
Previous studies have demonstrated
that CT perfusion imaging, when add-
ed to CT angiography, improves the
diagnostic accuracy of CT angiography
in the prediction of anatomic stenosis
(30,31). In this study, we made our
best attempt to blind the reader of the
CT perfusion images to the coronary
CT angiograms by fixing the window
width and level and section thickness,
making the interpretation of percent-
age stenosis very difficult. However, it
is possible that calcified plaque could
be seen with these settings and may
have biased the CT perfusion reader
toward higher sensitivity for anatomic
stenosis. Last, the lower specificity for
CT perfusion imaging demonstrated in
this study may be due to a number of
factors. Although we used a myocardi-
al-specific beam-hardening correction
(32), residual beam-hardening artifacts
may have contributed to false-positive
CT perfusion studies. In addition,
adenosine increased the median heart
rate to 69 beats per minute (interquar-
tile range, 60-78 beats per minute),
potentially increasing motion artifacts
that may be mistaken for perfusion ab-
normalities. Recognizing these issues,
we prespecified a SSS threshold of at

least 2 for CT perfusion imaging to ac-
count for potential artifacts.

The primary aim of the CORE320
study was to diagnose an angiographic
stenosis causing a myocardial perfu-
sion deficit by using a combination of
coronary CT angiography and myocar-
dial CT perfusion imaging and compare
findings with those of the combined
standard of reference of coronary an-
giography and SPECT. Although the
combination of coronary angiography
and SPECT is a rigorous standard of
reference for defining hemodynami-
cally significant stenosis and is used
daily in clinical practice, this study and
others demonstrated that SPECT can
be limited in the setting of left main
and multivessel CAD (19,20). Because
a normal SPECT study in the setting of
left main and multivessel disease would
have made the reference standard nor-
mal, this may have had a substantial
effect on the measured specificity and
PPV of combined CT angiography and
CT perfusion imaging in the primary
CORE320 study (5).

In conclusion, in this prospective,
multicenter study, myocardial CT per-
fusion imaging demonstrated higher
overall diagnostic performance, as dem-
onstrated with the A, compared with
SPECT for the diagnosis of anatomic
stenosis of at least 50%. CT perfusion
imaging demonstrated higher sensitiv-
ity, whereas SPECT demonstrated high-
er specificity. The higher sensitivity of
CT perfusion imaging is driven in part
by its higher sensitivity in the detection
of left main and multivessel CAD.
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